Three experiments were conducted to determine the effects of enzyme supplementation and particle size of wheat-based diets on growth performance and nutrient digestibility in nursery and finishing pigs. In Exp. 1, 180 weaned pigs (5.7 kg and 21 d of age) were fed diets in a 35-d growth assay without or with a Trichoderma longibrachiatium enzyme product (4,000 units of xylanase activity per gram of product) and with wheat ground to mean particle sizes of 1,300, 600, or 400 m. Enzyme supplementation had no effect on ADG or gain/feed (P > 0.32), but there was a trend (P < 0.10) for greater digestibility of DM (d 6) in enzymesupplemented diets. A particle size of 600 m supported the greatest overall gain/feed (quadratic effect, P < 0.01). An interaction of enzyme supplementation with particle size occurred; gain/feed was improved (P < 0.01) with enzyme supplementation at the coarse (1,300 m) particle size but not when the wheat was ground to 600 or 400 m. In Exp. 2, 160 finishing pigs (67 kg) were fed a diet without or with the same enzyme used in Exp. 1 and wheat ground to 1,300 or 600 m. No interactions
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Considerable attention has been given to evaluation of enzyme systems for use in nonruminant diets. Early experiments (Jensen et al., 1957; Burnett, 1962) (Consortium, 1988) . 3 Present address: SCA Nutrition, Ltd., 2957 Highway 13, Marion, IA 52302 (E-mail: imavromi@sca-us.com) . 4 To whom correspondence should be addressed. 5 Veterinary Diagnostics. 6 Finnfeeds International, Schaumburg, IL 60173-5008. Received September 20, 1999 . Accepted July 7, 2000 3086 occurred between enzyme supplementation and particle size of the wheat (P > 0.15). However, there were trends for greater gain/feed (P < 0.10) during the 67-to 93-kg phase of the experiment and for greater digestibility of DM (P < 0.10) and N (P < 0.07) with enzyme supplementation. When particle size was reduced from 1,300 to 600 m, gain/feed was improved (P < 0.03) for the 93-to 114-kg phase of the growth assay, and digestibilities of DM (P < 0.02) and N (P < 0.04) were greater. In Exp. 3, 160 finishing pigs (63 kg) were given diets without or with the enzyme product and wheat ground to 600 or 400 m. Enzyme supplementation improved ADG (P < 0.04) in the 90-to 115-kg phase but otherwise did not affect growth performance, carcass measurements, or stomach lesions. A particle size of 400 m increased overall gain/feed (P < 0.04), digestibilities of DM and N (P < 0.01), and development of stomach lesions (P < 0.01). In conclusion, pigs did not benefit consistently from enzyme supplementation. However, wheat particle sizes of 600 and 400 m supported the best overall performance in nursery and finishing pigs, respectively. onstrated enhanced nutrient utilization and improved growth performance when barley-based diets supplemented with β-glucanase were fed to poultry. Recently, carbohydrases have been used successfully in swine diets to reduce the concentration of compounds resistant to digestion and, thus, enhance nutrient digestibility (Campbell and Bedford, 1992; Bedford, 1995) .
Wheat has a feeding value of approximately 92% of corn for pigs (Hancock et al., 1993) . One possible explanation for this lower feeding value is the presence of pentosans, the nonstarch fraction of polysaccharides. Pentosans (mainly arabinoxylans) are considered the primary sources of antinutritional activity in wheat (Fernandez et al., 1973; Englyst et al., 1989) . Reduction of the pentosan concentration via exogenous enzyme supplementation has resulted in better growth performance in pigs and poultry (Dierick, 1989; van Lunen and Schultz, 1996) . Wheat processing to reduce particle size has been shown to increase nutrient digestibility in pigs (Lawrence, 1967; Ivan et al., 1974) . Disruption of the aleurone layer, where most of the pentosans are located, by fine grinding may render otherwise inaccessible nutrients available for digestion. Alternatively, supplementation with exogenous pentosanases may eliminate the need for fine grinding.
The objectives of the experiments reported herein were to determine the effects of enzyme supplementation and particle size of wheat-based diets on growth performance and nutrient digestibility in nursery and finishing pigs.
Materials and Methods
Experiment 1. Diets (Table 1) were formulated with hard red wheat, without or with a wheat-specific en- zyme product (Porzyme 9300; Finnfeeds International, Schaumburg, IL). The enzyme product, with xylanase activity of at least 4,000 units per gram, was derived from Trichoderma longibrachiatium (a fermentation 'reesi' bacterium) and was added as 0.1% of the finished diet. The wheat was coarsely ground (geometric mean particle size of 1,300 m) in a two-pair-high roller mill (Wagner Machine and Mill Supply, Denver, CO) or ground to intermediate (600 m) or fine (400 m) particle sizes in a full circle hammermill (model no. P-240 B, Jacobson Machine Works, Minneapolis, MN; tip speed of 6,930 m/min) with a 3.2-or 1.6-mm screen, respectively.
Each time feed was prepared, samples (approximately 500 g) of the ground wheat and diets were collected. The samples were pooled within treatment and thoroughly mixed, and the mean particle size, standard deviation of the particle size, and surface area were determined according to the procedures sug- Geometric mean particle size, log normal standard deviation of the particle size, and surface area were determined according to ASAE ( gested by the American Society of Agricultural Engineers (ASAE, 1995) .
A total of 180 (line 326 sires × C 15 and C 22 dams; PIC, Franklin, KY) weaned pigs, with an average initial BW of 5.7 kg and average age of 21 d, was used in a 35-d growth assay. The pigs were grouped by initial BW and assigned to treatments based on sex and ancestry. There were six pigs per pen (three barrows and three gilts) and five pens per treatment. Treatments were arranged as a 2 × 3 factorial with main effects of enzyme supplementation (none and 0.1% of the diet) and particle size (1,300, 600, or 400 m). The diets (Table 1) were formulated to 1.7, 1.5, and 1.3% lysine; 0.9, 0.85, and 0.8% Ca; and 0.8, 0.75, and 0.7% P for d 0 to 7 (Phase 1), 7 to 21 (Phase 2), and 21 to 35 (Phase 3), respectively. All other nutrients met or exceeded NRC (1998) recommendations for nursery pigs, and the diets were fed in meal form. Chromic oxide (0.2%) was added to the diets for d 0 to 7 and d 21 to 35 to allow determination of nutrient digestibility. Contrasts were 1) no enzyme vs enzyme; 2) particle size linear; 3) no enzyme vs enzyme × particle size linear; 4) particle size quadratic; and 5) no enzyme vs enzyme × particle size quadratic. The pigs were housed in an environmentally controlled nursery facility with 100% woven-wire flooring. Each pen (1.2 m × 1.5 m) was equipped with a fivehole self-feeder and one nipple waterer to allow ad libitum consumption of feed and water. Temperature at animal level was initially set at 32°C and was lowered by 1.5°C each week. Pigs and feeders were weighed at the beginning and end of each phase to allow calculation of ADG, ADFI, and gain/feed. On d 6 and 31, fecal samples were collected (four pigs per pen) by rectal massage, pooled within pen, oven-dried (50°C for 72 h), and ground through a 1-mm screen in a lab mill (model 1093 Sample Mill, Cyclotec, Sweden). Concentrations of Cr (Williams et al., 1962), DM, and N (AOAC, 1995) in feces and diets were determined to allow calculation of apparent digestibilities of DM and N using the indicator method.
Data were analyzed as a randomized complete block design, with a 2 × 3 factorial arrangement of treatments, using the GLM procedures of SAS (1993). Enzyme supplementation, particle size, enzyme × particle size, and weight block were defined sources of variation with pen as the experimental unit. Planned treatment comparisons were made using polynomials for unequally spaced treatments in the set of orthogonal contrasts: 1) no enzyme vs enzyme; 2) particle size linear; 3) no enzyme vs enzyme × particle size linear; 4) particle size quadratic; and 5) no enzyme vs enzyme × particle size quadratic.
Experiment 2. A total of 160 (line 326 sires × C 15 and C 22 dams; PIC, Franklin, KY) finishing pigs with an average initial BW of 67 kg was used. The pigs were grouped by initial BW and assigned to treatments based on sex and ancestry. There were 10 pigs per pen and four pens per treatment, with gilts and barrows penned separately. Treatments were arranged as a 2 × 2 factorial with main effects of enzyme supplementation (none or 0.1% of the diet) and particle size of the wheat (1,300 or 600 m). The enzyme, feed manufacturing processes, and wheat and diet sampling procedures were the same as described for Exp. 1. The diets (Table 2) were formulated to 0.9 and 0.8% lysine, 0.6 and 0.5% Ca, and 0.5 and 0.4% P for the first (67 to 93 kg BW) and second (93 to 114 kg BW) phase, respectively. All other nutrients met or exceeded NRC (1998) recommendations for a genotype growing at about 325 g lean/d, and the diets were fed in meal form. For d 19 to 23 of the experiment, 0.20% chromic oxide was added to the diets to allow determination of nutrient digestibility.
The pigs were housed in a modified open-front finishing facility with 50% solid-concrete and 50% concrete-slat flooring. Each pen (1.8 m × 4.9 m) was equipped with a two-hole self-feeder and two nipple waterers to allow ad libitum consumption of feed and water. Pigs and feeders were weighed at the initiation, middle, and conclusion of the growth assay to allow calculation of ADG, ADFI, and gain/feed. On d 23 (approximately mid-experiment), fecal samples were collected (six pigs per pen) by rectal massage, pooled within pen, oven-dried, ground, and analyzed as described for Exp. 1.
When the heaviest pen in a weight block reached an average BW of 115 kg, the entire block was removed from the growth assay. Two blocks reached the end weight on d 51 and two blocks on d 58 of the experiment. The pigs were shipped at 0300 to a commercial slaughter facility and killed at 0700. Hot carcass weight was recorded to allow calculation of dressing percentage. Last-rib backfat thickness was measured on each half of the split carcass at the midline, and fat-free lean index was calculated using the equations suggested by the National Pork Producers Council (NPPC, 1994) . Digesta samples (five pigs per pen and two pens per treatment) of at least 100 g were collected from the terminal ileum and transferred to our laboratory in an ice bath. The individual samples were centrifuged at 4°C and 1,855 × g for 20 min, and fluid viscosity was measured at room temperature using a Brook- field Viscometer (model DV-II+, Brookfield Engineering Laboratories, Inc., Stoughton, MA; Version 3.2, S40 spindle) in duplicate (0.5 mL) aliquots of the supernate. Pen means were calculated for reporting. Additionally, the esophageal region of each stomach was collected, returned to our Veterinary Diagnostics Laboratory, and scored for severity of esophagogastric keratinization and ulceration (Muggenburg et al., 1964) . The scoring system used for keratinization was 0 = normal, 1 = mild, 2 = moderate, and 3 = severe keratosis and for ulcers was 0 = normal, 1 = erosion, 2 = ulcer, and 3 = severe ulcer.
Data were analyzed as a randomized complete block design, with a 2 × 2 factorial arrangement of treatments using the GLM procedures of SAS (1993). Enzyme supplementation, particle size, enzyme × particle size, and weight block were defined sources of variation, and pen was the experimental unit. Hot carcass weight was used as a covariate for analyses of backfat thickness, dressing percentage, and fat-free lean index. Planned treatment comparisons were made using the orthogonal contrasts: 1) no enzyme vs enzyme; 2) 1,300 vs 600 m; and 3) no enzyme vs enzyme × 1,300 vs 600 m. Because stomach scores were categorical data, they were tested for significant main effects of Contrasts were 1) no enzyme vs enzyme; 2) 1,300 vs 600 m; and 3) no enzyme vs enzyme × 1,300 vs 600 m. Scoring system was 0 = normal; 1 = mild; 2 = moderate; and 3 = severe keratosis (Cochran-MantelHaenszel statistic, row mean scores differ test; P < 0.01).
e Scoring system was 0 = normal; 1 = erosion; 2 = ulcer; and 3 = severe ulcer (Cochran-Mantel-Haenszel statistic, row mean scores differ test; P > 0.17).
f Dashes indicate P > 0.15. enzyme supplementation and particle size using the Cohran-Mantel-Haenszel statistic of SAS (i.e., a row mean scores differ test for categorical data), with pen as the experimental unit.
Experiment 3. A total of 160 (line 326 sires × C 15 and C 22 dams; PIC, Franklin, KY) finishing pigs with an average initial BW of 63 kg was used. The pigs were grouped by initial BW and assigned to treatments based on sex and ancestry. There were 10 pigs per pen and four pens per treatment, with gilts and barrows penned separately. Treatments were arranged as a 2 × 2 factorial with main effects of enzyme supplementation (none or 0.1% of the diet) and particle size of the wheat (600 or 400 m). The diets were the same as used in Exp. 2 (Table 2) . Fecal collection procedures, processing, and analyses were the same as in Exp. 2. Housing and management of the pigs also were the same as in Exp. 2.
Two blocks reached the targeted ending weight of 115 kg on d 53 and two blocks on d 61 of the experiment. Slaughter procedures and collection of carcass data, digesta, and stomach tissues were the same as in Exp. 2, with the exception that digesta was collected from five pigs per pen in four pens per treatment. Laboratory analyses and statistical treatment of data were the same as in Exp. 2.
Results and Discussion
Experiment 1. The wheat had 88.8% DM, 13.9% CP, 1.7% ether extract, and 0.37% lysine (Table 3) . Other proximate components and amino acid concentrations were similar to the values for wheat published by the National Research Council (NRC, 1998) . When the wheat was ground, the resulting particle sizes were very close to the targeted particle sizes (Table 4) , and surface area increased as particle size was decreased.
When the diets were fed to the nursery pigs, inclusion of the enzyme (0.1% of the diet) had no effect (P > 0.32) on ADG, ADFI, or gain/feed (Table 5 ). Some reports indicated that pentosanases improved growth performance in poultry (Petterson and Aman, 1989; Choct and Annison, 1992) and pigs (van Lunen and Schulze, 1996) . However, other researchers (Thacker et al., 1991; Thacker and Baas, 1996) did not observe beneficial effects from adding pentosanases to diets for pigs.
For d 0 to 7, gain/feed increased as particle size was reduced, with a particle size of 400 m supporting the greatest efficiency of growth (quadratic effect, P < 0.04). Overall (d 0 to 35), the greatest ADG and gain/ feed were achieved at 600 m (quadratic effects, P < 0.01). These results are in agreement with other reports (Wu, 1984; Healy et al., 1994; Wondra 1995a) , suggesting that growth performance of pigs was improved as particle size of the diet was decreased. However, the effects of reduced particle size were not independent of enzyme supplementation effects. Overall gain/feed increased and then decreased as particle size was reduced from 1,300 to 600 and from 600 to 400 m, respectively, in diets without enzymes. For diets with enzyme supplementation, however, gain/feed in-creased as the particle size of wheat was decreased from 1,300 to 400 m (enzyme supplementation × quadratic effect of particle size, P < 0.01).
As for digestibility of nutrients, a trend (P < 0.10) was observed on d 6 for greater digestibility of DM in diets that had enzyme. However, digestibility of N was not affected (P > 0.12) on d 6, and digestibilities of DM and N were not affected (P > 0.11) on d 31 by addition of the enzyme.
Experiment 2. Average daily gain was not influenced (P > 0.15) by enzyme supplementation but there was a trend (P < 0.01) for greater gain/feed for the 67-to 93-kg phase with enzyme supplementation (Table 6 ). Gain/feed was improved (P < 0.03) as particle size of the wheat was reduced for the 93-to 114-kg phase, but this effect was not significant (P > 0.14) for the overall experiment.
Trends occurred for greater digestibilities of DM (P < 0.10) and N (P < 0.07) in pigs fed diets with added enzymes. Also, digestibilities of DM (P < 0.02) and N (P < 0.04) were improved as particle size of the wheat was decreased from 1,300 to 600 m. These results are in agreement with reports that demonstrated improved nutrient digestibilities with smaller particle sizes of sorghum (Healy et al., 1994; Cabrera et al., 1994) and corn (Wondra et al., 1995b,c,d,e) . However, our results are in contrast with those of Ivan et al. (1974) , who reported that fineness of grind in wheatbased diets had little effect on digestibility of nutrients. Also, Sauer et al. (1977) reported that apparent amino acid digestibilities of finely ground (1.5-mm screen) and cracked (6-mm screen) wheat were not different in finishing pigs. Dressing percentage, last-rib backfat thickness, and fat-free lean index were not affected (P > 0.45) by adding the enzyme supplement or grinding the wheat to a finer particle size. Furthermore, the viscosity of the digesta also was not affected by the dietary treatments (P > 0.42). This is in agreement with other research reports suggesting that digesta viscosity is not easily influenced in pigs (as it is in poultry) and, therefore, is probably not a factor that routinely affects nutrient digestibility (Campbell and Bedford, 1992; Bedford, 1995) . Viscosity of the digesta in pigs is considerably lower than in poultry because of higher water content and, therefore, the opportunity to reduce viscosity by using pentosanases is comparatively low (Bedford and Classen, 1992) .
Keratinization scores increased (P < 0.01) as particle size of the wheat was decreased from 1,300 to 600 m Contrasts were 1) no enzyme vs enzyme; 2) 600 vs 400 m; and 3) no enzyme vs enzyme × 600 vs 400 m. Scoring system was 0 = normal; 1 = mild; 2 = moderate; and 3 = severe keratosis (Cochran-MantelHaenszel statistic, row mean scores differ test; P < 0.01).
e Scoring system was 0 = normal; 1 = erosion; 2 = ulcer; and 3 = severe ulcer (Cochran-Mantel-Haenszel statistic, row mean scores differ test; P < 0.01). (Table 7) . However, scores for stomach ulcers were not affected (P > 0.15) by reducing the particle size of wheat to 600 m. Reese et al. (1966) observed no problems with stomach ulceration in pigs fed diets having 90% wheat, and Riker et al. (1966) found no differences among wheat-and corn-based diets in terms of stomach lesions. However, Penny et al. (1993) suggested that wheat-based diets should be coarsely ground to avoid ulcer development in finishing pigs. It is known that a combination of stressful factors is needed for pigs to develop stomach ulcers (Mahan et al., 1966) , and, thus, blaming an increased incidence of stomach lesions on wheat-based diets and moderate particle sizes is not warranted.
Experiment 3. Enzyme supplementation increased ADG (P < 0.04) in the 90-to 115-kg phase of growth (Table 8) . However, no other enzyme-related effects were observed for growth performance (ADG, ADFI, and gain/feed) for the 63 to 90 kg, and overall (63 to 155 kg) periods (P > 0.20). Reducing particle size from 600 to 400 m resulted in greater gain/feed for the 63-to 90-kg (P < 0.05) and overall (P < 0.04) periods. Studies have demonstrated consistently that sorghum-and corn-based diets support greater efficiency of growth as particle size is decreased (Healy et al., 1994; Cabrera et al. 1994; Wondra et al., 1995b,c) , but this has not been the case with wheat-based diets. Hale and Thompson (1986) reported no differences in growth performance of growing-finishing pigs fed wheat-based diets having particle sizes of 2,300 to 830 m. Seerley et al. (1988) reported that coarsely ground wheat (1,710 m) supported greater ADG and gain/feed in finishing pigs than intermediate ground wheat (860 m). Similar results were observed in experiments by Luce et al. (1996) with particle sizes of wheat ranging from 1,650 to 840 m. However, in two of our three experiments (Exp. 1 and 3), a favorable response in gain/feed resulted from decreased particle size of wheat and some effect (i.e., from 93 to 114 kg) was apparent even in Exp. 2.
Apparent digestibilities of DM and N were not affected by enzyme supplementation (P > 0.11), but reducing particle size did improve nutrient digestibilities (P < 0.01). These results are in agreement with those of Exp. 2, in which a reduced particle size of wheat improved digestibility of nutrients.
Carcass characteristics were not affected (P > 0.15) by the dietary treatments except for a trend (P < 0.06) for reduced backfat thickness and, consequently, increased fat-free lean index, as particle size was reduced from 600 to 400 m. Digesta viscosity was not affected (P > 0.50) by dietary treatments in this experiment, which is in agreement with the data from Exp. 2.
Stomach morphology was not affected by enzyme supplementation of the diets (Table 9 ), but stomach keratinization and ulceration were increased (P < 0.01) as wheat particle size was reduced from 600 to 400 m. However, these differences were not associated with negative effects on growth performance or nutrient digestibility.
In conclusion, wheat particle sizes of 600 m (in nursery) and 400 m (in finishing) were shown to sup-port greater growth performance than a particle size of 1,300 m. However, enzyme supplementation was of limited benefit to pigs of either age, probably because the wheat used in our experiments was classified as medium to low in pentosan concentration.
Implications
Results from these experiments do not indicate pronounced benefits from adding pentosanases to wheatbased diets for nursery and finishing pigs with a medium to low content of pentosans. However, mean particle sizes of 600 and 400 m for wheat supported maximum growth performance in nursery and finishing pigs, respectively.
